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Single crystals of the high-pressure phase of (VO)2P2O7 were
grown by slowly cooling the melt at 3 GPa. Relevant reactions
at high pressure and high temperature were studied in advance
by in situ X-ray di4raction (XRD) measurements. The crystal
structure of the high-pressure phase was determined by single-
crystal XRD. Magnetic susceptibility of the crystal was mea-
sured along the three principal axes and analyzed using a S 5 1

2

Heisenberg AF alternating-exchange chain model. A good 5t
was obtained using the g values determined by ESR measure-
ments, J1/kB 5 131.6(1) K, and an alternation parameter of
a,J2/J1 5 0.8709(5). The spin gap was estimated to be
D/kB 5 33.4(2) K. ( 2000 Academic Press
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1. INTRODUCTION

High-pressure (HP) synthesis is a powerful method to
search for new materials. It should be noted that several new
low-dimensional quantum spin compounds such as high-¹

C
superconductors and spin ladders have been synthesized at
HP in the past decade (1}5). One of these is the HP-phase of
(VO)

2
P

2
O

7
(HP-VOPO) which is a one-dimensional (1D)

antiferromagnet stabilized at 3 GPa (6). VOPO prepared at
ambient pressure (AP) shows several modi"cations (7), some
of which have long been known as e!ective catalysts for
oxidation of n-butane to maleic anhydride (8, 9). Among
them, a-(VO)

2
P

2
O

7
(AP-VOPO) has attracted attention

also for its interesting magnetic properties.
AP-VOPO is made of VO

5
pyramids and PO

4
tetra-

hedra, and the vanadium ions are in an oxidation state
of 4# with spin 1

2
(10, 11). Johnston et al. found that the



FIG. 1. Crystal structure of HP-VOPO viewed along the b axis (a)
and the a axis (b). The large and small circles represent vanadium and
phosphorous atoms, respectively. Oxygen atoms are placed at the vertexes
of the polyhedra. J

1
and J

2
(J

1
'J

2
"aJ

1
) represent the superexchange

interactions between V4` ions.

SINGLE CRYSTALS OF (VO)
2
P
2
O

7
AT 3 GPa 125
magnetic ground state is a singlet one and explained
the temperature dependence of the magnetic susceptibility
using a S"1

2
Heisenberg AF alternating-exchange chain

model (12). Subsequently, however, a two-leg ladder model
(13, 14) was found to be applicable as well, the ladder having
almost straight V}O}V bonds in the leg direction and two
orthogonal V}O}V bonds in the rung direction. However,
a recent neutron-scattering study on single crystals revealed
that AP-VOPO is best described as an AF alternating spin
chain system with the chains running along the &&rung''
direction (15). The interaction along the &&leg'' was found to
be ferromagnetic. According to the neutron-scattering
study, the major AF interaction (J

1
) between a pair of VO

5
pyramids is mediated by the PO

4
tetrahedra, while the

seemingly strong interaction between a pair of edge-sharing
VO

5
pyramids (J

2
) is of minor importance in fact. The

neutron data also revealed that there were two spin gaps of
36 and 67 K, which matched a theoretical prediction that
the second gap due to the two-magnon excitation should be
twice as large as the "rst one (16). However, there are two
kinds of slightly di!erent chains in AP-VOPO (11), which
makes it di$cult to identify the origin of the second gap,
that is, it is di$cult to judge whether both chains have the
same double gaps or each one has a di!erent single gap.
Recent NMR and magnetization studies indicated that the
latter is the case (17, 18).

In a previous paper we reported that AP-VOPO trans-
forms into a simpli"ed structure containing only one kind of
such chains (see Fig. 1) on annealing under high pressure
(2}3 GPa) (6). The magnetic susceptibility and heat capacity
measurements indicated only one spin gap, the second one
being unobservable in the magnetization curve up to 60 T
(6). This is consistent with the above-mentioned studies on
AP-VOPO (17, 18) indicating the absence of the second gap
owing to the two-magnon excitation.

In this paper, we report a direct observation of the
AP}HP transformation and also the melting by means of
powder XRD study at high pressure and high temperature.
On the basis of these results, single crystals of the HP phase
were grown at 3 GPa. Single-crystal XRD was done for
structural analysis. ESR and magnetic susceptibility were
measured along the a, b, and c axes of the orthorhombic
structure, and the data were "tted (19) by the S"1

2
Heisen-

berg AF alternating-exchange chain model using quantum
Monte Carlo simulations and transfer-matrix density-
matrix renormalization group calculations (20).

2. EXPERIMENTAL PROCEDURES

The starting material, AP-VOPO, was prepared from
NH

4
VO

3
and NH

4
H

2
PO

4
. Stoichiometric amounts of

these compounds were mixed, pressed into pellets and then
heated at 550, 600, 700, and 7503C successively for 12 h
each, and "nally at 8503C for 24 h with intermediate grind-
ing and pelletization. All of these heat treatments were done
in #owing CO

2
. The crystal structure and the magnetic

property of the polycrystalline AP-VOPO sample thus
obtained were reported elsewhere (11).

An XRD study under high pressure was carried out at
SPring-8, Japan Synchrotron Radiation Research Institute.
Because the oxidation state of vanadium is very sensitive to
the atmosphere during heat treatment, a powder sample of
AP-VOPO was "lled in a platinum capsule (/ 4 mm]
6 mm) and then compressed in a conventional cubic anvil-
type apparatus (SMAP 180) placed at beam line BL14B1.
The sample was irradiated with white X-rays, and the trans-
mitted beam was detected by a solid state detector "xed at



FIG. 2. Synchrotron XRD patterns of HP-VOPO at various temper-
atures at 3 GPa. The pattern at the top was taken using CuKa

1
radiation at

room temperature and 1 atm, and the pattern at the bottom is that of
AP-VOPO taken using synchrotron radiation at room temperature and
1 atm. The two vertical lines in the "gure stand for the characteristic X rays
of Pb (Ka

1
, Ka

2
) generated from the beam stopper, and the drop near

78 keV corresponds to the absorption edge of Pt used as the capsule.
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2h"3.9733. The sample was "rst compressed to 3 GPa at
room temperature and then heated stepwise.

Single crystals of HP-VOPO were grown in another
apparatus by slowly cooling the melt at 3 GPa as will be
described here. AP-phase powder "lled in a platinum cap-
sule (/ 6 mm]9 mm) was compressed to 3 GPa and then
heated up to 11803C in 15 min. After being held at this
temperature for 10 min, the sample was "rst cooled down to
6803C in 60 h and then down to room temperature in 5 h.

The crystal structure was re"ned using 4-axis XRD on
a piece of spherically shaped single crystal of about 0.15 mm
in radius. Two sets of data were collected at di!erent de-
tector angle on a i-ccd di!ractometer up to 2h"893. About
23,000 re#ections, including 3557 independent re#ections,
were observed with F'3p(F) after average (R merge"
5%). The re"nement started from the previously obtained
powder data (6), and it converged to an R factor of 4.22%.

X-band ESR measurements were performed with a
Bruker EPR spectrometer EMX081 using a TE103 rectan-
gular cavity. The frequency of the microwave was approx-
imately 9.4 GHz. The magnetic "eld was swept from 3150 to
3850G, and the resolution of the data point was 0.2G. An
NMR gaussmeter was used to calibrate the magnetic "eld.
The amplitude of the modulation "eld was 5 G, which was
smaller than the sample's linewidth of 30 G. The angular
dependence measurement was performed by using a pro-
grammable goniometer with an angular resolution of
0.1253, and the data were taken every 53. The temperature-
dependence measurements were performed from 3.5 to
300 K using an Oxford Instruments He #ow cryostat. The
magnetic susceptibility was measured for a pair of samples
in an external magnetic "eld of 1 T from 2 to 300 K with
a SQUID magnetometer (Quantum Design MPMS XL).
One of the samples was a piece of single crystal (0.26 mg),
and the other was powdered single crystals.

3. RESULTS AND DISCUSSIONS

3.1. XRD Measurement at High Pressure

Powder XRD patterns of HP-VOPO collected at various
temperatures between 27 and 11703C at 3 GPa are shown in
Fig. 2. The two vertical lines at 72.9 and 75.1 keV stand for
the characteristic X rays of Pb (Ka

1
, Ka

2
) generated from

the beam stopper. The drop near 78 keV corresponds to the
absorption edge of Pt used as the sample capsule. The
pattern at the bottom is that of the starting material, AP-
VOPO, taken at room temperature and 1 atm. Compared
with this, peak shifts to the high-energy side are clearly seen
in the data taken at 3 GPa, which indicate a lattice shrink-
age under pressure. Another characteristic feature of the
pattern at 3 GPa is peak broadening, likely due to lattice
strain and also to the small particle size of the crushed
powder. In any case, the pattern at 3 GPa could still be
indexed assuming the AP structure.
When the temperature was increased, all the peaks shifted
a little to the low-energy side because of thermal expansion
and, at the same time, sharpened gradually because of
recrystallization. The transition to the HP phase was
observed between 400 and 5003C, and all the peaks could
be assigned to the HP phase above 5003C. The pattern of
a powder HP-phase sample, which was taken at 273C
and 1 atm with CuKa

1
radiation and converted using

a relation E"12.39/j (keV), is shown at the top of Fig. 2 for
comparison.

The lattice constants at 3 GPa calculated from the peak
positions are plotted in Fig. 3 against temperature. The
c axis length below 5003C was halved in the "gure for the
sake of comparison because the unit cell of the less symmet-
ric AP phase is essentially twice as large as that of the HP
phase in that direction. There is a discontinuity between 400



FIG. 3. Lattice parameters of AP- and HP-VOPO at various temper-
atures and 3 GPa. The dotted line represents the boundary between the AP
and HP phases. The c axis length is halved below 5003C for the sake of
comparison, because the unit cell of the less symmetric AP phase is
essentially twice as large as that of the more symmetric HP phase in that
direction.

FIG. 4. Magni"ed view of the grown single crystals of HP-VOPO.

TABLE 1
Crystal Data, Data Collection Parameters, and Final

Re5nement Conditions

Crystal data
Chemical formula V

2
P
2
O

9
Formula weight (g/mol) 307.825
Space group Pnab (No. 60)
a (As ) 7.571(1)
b (As ) 9.536(1)
c (As ) 8.362(1)
Cell volume (As 3) 603.7
Z 4
Calculated density (g/cm3) 3.386

Data collection
Crystal size (mm) spherical, radius &0.15
Radiation AgKa
Wavelength (As ) 0.56080
Extinction model Isotropic, type 1, Gaussian
Number of re#ection measured &23,000
Number of unique re#ections 3557
Criterion for observed re#ections F'3p (F)
2h maximum (degree) 89

Structure re"nement
Re"nement on F
R, R

w
(%) 4.22, 4.02

Weighting scheme w"1/p2

Number of re"ned parameters 61
Goodness-of-"t 2.76
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and 5003C in every direction, indicating the occurrence of
the phase transition in this temperature range. The HP
phase changed its lattice parameters continuously up to
11003C and then disappeared. The melting point of HP-
VOPO at 3 GPa was thus determined to be between 1100
and 11503C.

3.2. Single-Crystal Growth and Structure Rexnement

It is known that AP-VOPO melts congruently and that
green crystals grow by slow cooling under controlled oxy-
gen fugacity (21). The crystal growth at 3 GPa could be
done similarly if the slow cooling process was continued
down to 8003C or less. The products quenched from above
8003C were all blackish and glassy. This is similar to AP-
VOPO, which tends to vitrify because of its high viscosity
(21). Green transparent platelike single crystals of HP-
VOPO were obtained by cooling from 1180 to 6803C in 60 h
and then to room temperature in 5 h. The typical size of the
crystals was 1 mm]0.5 mm]0.2 mm (see Fig. 4). The wide
crystal surface was found to be parallel to the 011 plane by
two axes XRD which showed only 0nn (n"1, 2, 3, 4) re#ec-
tion peaks. The 011 plane is at an angle of about 493 with
the V4` spin chain.

The crystallographic data, data collection parameters,
and "nal re"nement conditions are summarized in Table 1,
and the "nal atomic coordinates are given in Table 2. The
anisotropic thermal parameters are listed in Table 3 and
shown schematically in Fig. 5. The selected bond lengths,
atomic distances, and bond angles are given in Tables 4



TABLE 2
Atomic Coordinates

Fractional atomic coordinates
Wycko!

Atom position x y z

V 8d 0.038310(9) 0.003746(6) 0.310363(8)
P 8d 0.045157(13) 0.201895(11) 0.002421(11)
O1 8d 0.247719(49) 0.02840(40) !0.318373(40)
O2 4c 0.250000(0) 0.169244(55) 0.000000(0)
O3 8d !0.032295(44) 0.136508(34) !0.145055(36)
O4 8d 0.530822(47) 0.147620(33) !0.155618(37)
O5 8d !0.025504(42) 0.135671(33) !0.499776(26)

FIG. 5. ORTEP drawing of the HP-VOPO structure.
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and 5, respectively. The result of this structure re"nement is
in good agreement with that obtained by a Rietveld analysis
of powder XRD and neutron di!raction data reported pre-
viously (6). Comparing the lattice constants of the AP and
HP phases, we notice that the a and b axes of the HP phase
are slightly shorter than those of the AP phase and that the
c axis is slightly longer than one half of that of the AP phase.
As a whole, the density of the HP phase is 1.9% larger than
that of the AP phase at room temperature and ambient
pressure.

3.3. Magnetic Measurements

The principle g values of HP-VOPO were determined by
the ESR angular dependence measurements of the single
crystal at room temperature and the results are shown in
Fig. 6. Obtained g values are g

a
"1.928(1), g

b
"1.974(1),

and g
c
"1.971(1). We also performed the temperature de-

pendence measurements from 3.5 to 300 K for HEa
, HEb

, and
HEc

. The temperature dependence of the integrated intensity
for HEb

is shown in Fig. 7, and those for HEa
and HEc

exhib-
ited similar behavior.

The magnetic susceptibility s of HP-VOPO measured
along the a, b, and c axes are plotted vs temperature ¹ in
TABL
Anisotropic Therm

Atom ;
11

;
22

;
33

;

V 0.4742(32) 0.4910(27) 0.3647(36) 0.0
P 0.5553(46) 0.3973(40) 0.4041(48) !0.0
O1 0.6256(109) 1.2701(129) 0.9236(136) !0.0
O2 0.5255(156) 1.1689(184) 2.0113(232) 0.0
O3 1.0127(138) 0.9051(111) 0.7586(122) 0.0
O4 1.4374(154) 0.8421(110) 0.6587(114) 0.0
O5 1.0963(113) 0.4344(99) 0.4766(119) 0.0

Note. Values above are given in units of 10~2 As 2.
Fig. 8. The data can be expressed as

s (¹ )"s
0
#

C
*.1

¹!h
*.1

#s41*/(¹ ), [1]

where the "rst term, s
0
, is the sum of the nearly isotropic

orbital diamagnetic atomic core contribution, s#03%, and the
normally anisotropic orbital paramagnetic Van Vleck con-
tribution, sVV, which are both normally nearly independent
of ¹. The second term is an extrinsic impurity Curie}Weiss
term, s

*.1
, with an impurity Curie constant C

*.1
and

a Weiss temperature h
*.1

which gives rise to a low-temper-
ature upturn in s (¹ ) that is not predicted by theory for the
third term, the intrinsic spin susceptibility, s41*/ (¹ ), and is
assumed to arise from "nite chain segments containing an
odd number of spins, impurity-phase intergrowth in the
crystals, paramagnetic impurities, and/or defects.

Due to the small mass of the crystal and the uncertainty
in the sample holder correction relative to the sample signal,
the measured data were normalized to the data obtained
E 3
al Parameters

12
;

13
;

23
;

*40

026(17) !0.0078(17) !0.0009(15) 0.4433(19)
023(25) 0.0143(31) 0.0068(24) 0.4522(26)
884(107) 0.0000(108) 0.0421(98) 0.9398(72)
000(0) !0.0844(163) 0.0000(0) 1.2352(112)
696(94) !0.1105(101) !0.3599(88) 0.8921(72)
285(100) 0.2558(111) !0.2852(88) 0.9794(74)
624(79) !0.0561(112) !0.0051(66) 0.6691(64)



TABLE 4
Selected Bond Lengths

Atoms Distance (As ) Atoms Distance (As )

V}O1 1.6042(4) P}O2 1.5819(1)
V}O1 2.2223(4) P}O3 1.5011(3)
V}O3 1.9492(3) P}O4 1.4966(3)
V}O4 1.9393(3) P}O5 1.5562(3)
V}O5 2.0796(3)
V}O5 2.0730(3)

FIG. 6. Angle dependence of the g value for a single crystal of HP-
VOPO. The single crystal was rotated around the 0111 direction (a), which is
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for large polycrystalline sample of crushed single crystals
(s

108$%3
) as follows. All the data for a, b, and c axes were

averaged at each temperature (s
!7%

) and then compared
with s

108$%3
, which matched very well with 0.99s

!7%
!

2.04]10~4 emu/mol V above 50 K. Below that temper-
ature, s

108$%3
was larger than the corrected single-crystal

data, which may be due to the extrinsic impurity Curie}
Weiss term s

*.1
. The magnetic susceptibility data for the a,

b, and c axes were corrected by the same equation above.
The multiplicative factor in the equation compensates the
mass error, and the additive one may be the sample holder
contribution. The temperature dependence of the magnetic
susceptibility data thus obtained, s

a
, s

b
, and s

c
, is very

similar, but s
b

and s
c

are 2}4% larger than s
a
, which is

consistent with the ESR measurement above.
In the previous analysis of the susceptibility, the data

from the powder sample were of poor quality, the amount of
TABLE 5
Selected Atomic Distances and Bond Angles

Atoms Direction Distance (As )

V}O4}P}O5}V Interchain 4.8737(1), 6.4216(1)
V}O3}P}O5}V Interchain 4.8737(1), 6.3147(1)
V}O3}P}O4}V J

1
5.2233(1)

V}O5}V J
2

3.2249(1)

Bond Angle (degree) Bond Angle (degree)

V}O3}P 138.18(2) O3}V}O5 94.79(1)
V}O4}P 147.11(2) O3}V}O5 161.23(1)
V}O5}P 127.98(1) O4}V}O5 162.11(1)
V}O5}P 130.01(1) O4}V}O5 91.85(1)
O1}V}O1 175.85(2) O4}V}O5 162.11(1)
O1}V}O3 101.86(2) O4}V}O5 91.85(1)
O1}V}O3 80.76(1) O5}V}O5 78.10(1)
O1}V}O4 99.55(2) O2}P}O3 106.90(2)
O1}V}O4 83.60(1) O2}P}O4 108.64(2)
O1}V}O5 96.27(2) O2}P}O5 106.83(2)
O1}V}O5 96.21(2) O3}P}O4 114.17(2)
O1}V}O5 80.24(1) O3}P}O5 111.49(2)
O1}V}O5 80.92(1) O4}P}O5 108.52(2)
O3}V}O4 90.13(4)

perpendicular to the wide crystal surface, and the a axis (b).
s
*.1

being about 3 times of the present data. Also, the "t was
performed in a limited temperature range above 30 K. The
"t yielded J

1
"136 K, and a"0.9, which gave the spin gap

value of 28.4 K, but the reliability was not su$cient for the
FIG. 7. Temperature dependence of the integrated ESR intensity for
HEb

(d). Susceptibility data are also plotted for comparison (n).



FIG. 8. (a) Magnetic susceptibility s versus temperature ¹ for a single
crystal of HP-VOPO along the a axis (s), b axis (d), and c axis (h) from
2 to 300 K. (b) Expanded plot of the data below 80 K. In both (a) and (b),
the set of three solid curves is a four-dimensional "t to all data points for
the three directions (see text). The dashed curves represent the intrinsic spin
susceptibility for the a"a axis (short dash) and b and c axes (longer dash);
the "tted s41*/

b
(¹ ) and s41*/

c
(¹ ) are indistinguishable from each other in

this scale.
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reasons above. The susceptibility data with a small s
*.1

were
then analyzed in the whole temperature range (19), and
the results are plotted in Fig. 8 with solid lines. s

41*/
(¹ ) data

were also calculated and are plotted with dashed lines. The
temperature dependence of these data was "t by the S"1

2
Heisenberg AF alternating-exchange chain model, using
quantum Monte Carlo simulations and transfer-matrix
density-matrix renormalization group calculations (20),
which gave a very good "t. The obtained J

1
"131.6(1) K

and a"0.8709(5) gave a spin gap value of 33.4(2) K.
Although the temperature dependence of the magnetic

susceptibility of HP-VOPO showed a good agreement with
the S"1

2
Heisenberg AF alternating-exchange chain model,

the magnitude of the spin gap of this compound estimated
by magnetization measurement was considerably smaller
than the one calculated here, only 23 K (6). Besides, the
crystal structure of HP-VOPO suggests the possibility of
other exchange interactions present in the system. For
example, the bond length and the angles of the V}O(3)}P}
O(5)}V path connecting two chains in the c direction are
similar to those mediating J

1
exchange (V}O(3)}P}O(4)}V)

as listed in the table. These suggest that the AF interactions
along the c axis may not be negligible. To answer this
question, exchange interactions should be determined by
means of inelastic neutron-scattering study on the obtained
single crystals.

4. CONCLUSION

VOPO was found to transform from the AP phase into
the HP phase between 400 and 5003C at 3 GPa and melt
between 1100 and 11503C under the pressure. Single crystals
of the HP phase were grown by slow cooling of the melt at
3 GPa, and the crystal structure was determined by single-
crystal XRD. The wide surface of the crystals was parallel
to the 011 plane, which makes an angle of about 493 with
the spin chains. Principle g values of a single crystal were
determined by ESR measurements, which gave g

a
"1.928(1),

g
b
"1.974(1), and g

c
"1.971(1). The magnetic susceptibility

of a single crystal was measured with the external "eld
parallel to the a, b, and c axes and was "tted to the S"1

2
Heisenberg AF alternating-exchange chain model. The "t
yielded a,J

2
/J

1
"0.8709(5) and J

1
/k

B
"131.6(1) K. The

size of the spin gap estimated from these parameters was
33.4(2) K, which is considerably larger than the one esti-
mated from the magnetization measurement on powder
samples. This di!erence might be due to the neglect of the
interchain magnetic interactions. The technique established
in this study, the combination of HP XRD with HP single-
crystal growth, should be applied to other HP-phases
exhibiting exotic properties.
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